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Multivesicular Release at Climbing
Fiber-Purkinje Cell Synapses
Evidence for the one-site, one-vesicle hypothesis
comes from combined morphological and electrophysi-
ological studies suggesting that the number of morpho-
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logically defined synaptic contacts exceeds the number3181 S. W. Sam Jackson Park Road
of quanta released by a presynaptic stimulus (Redman,Portland, Oregon 97201
1990; Korn et al., 1994). This is interpreted to mean that
release at each site is limited to a single vesicle. On the
other hand, MVR clearly occurs at the neuromuscularSummary
junction, at least at artificially high release probabilities
(Heuser et al., 1979). In addition, at single inhibitory syn-Synapses driven by action potentials are thought to
apses in the cerebellum, MVR was observed as the non-release transmitter in an all-or-none fashion; either
linear summation of postsynaptic currents following pre-one synaptic vesicle undergoes exocytosis, or there
synaptic stimulation (Auger et al., 1998). MVR has alsois no release. We have estimated the glutamate con-
been reported at the excitatory synapses of culturedcentration transient at climbing fiber synapses on Pur-
hippocampal neurons (Tong and Jahr, 1994). By usingkinje cells by measuring the inhibition of excitatory
low-affinity competitive antagonists of NMDA receptorspostsynaptic currents (EPSCs) produced by a low-
(Clements et al., 1992), Tong and Jahr (1994) found thataffinity competitive antagonist of AMPA receptors,
larger glutamate concentration transients occurred in-DGG. The results, together with simulations using a
the cleft in conditions of high Pr than of low Pr. This waskinetic model of the AMPA receptor, suggest that the
interpreted as evidence for MVR. However, it has beenpeak glutamate concentration at this synapse is de-
suggested that these data from excitatory synapsespendent on release probability but is not affected by
could be explained by the pooling of glutamate releasedpooling of transmitter released from neighboring syn-
from adjacent sites (Barbour and Hausser, 1997; Rusa-apses. We propose that the mechanism responsible
kov and Kullmann, 1998; Auger and Marty, 2000). In thisfor the elevated glutamate concentration at this syn-
interpretation, high Pr conditions lead to an increasedapse is the simultaneous release of multiple vesicles
likelihood that adjacent synapses release simultane-per site.
ously following a stimulus. If glutamate can readily dif-
fuse from one synapse to its neighbors (Barbour andIntroduction
Hausser, 1997; Rusakov and Kullmann, 1998), higher
cleft concentrations will occur when adjacent synapsesAt specialized presynaptic release sites, defined ultra-
release simultaneously than when only one releases.structurally by presynaptic and postsynaptic membrane
Qualitatively, the low-affinity antagonist technique byspecializations and a cluster of vesicles in the presynap-
itself will not distinguish between these two interpreta-tic structure, neurotransmitter is released into the syn-
tions.aptic cleft by vesicular exocytosis. A tenet of the release
The climbing fiber-Purkinje cell (CF-PC) synapse inprocess is that a maximum of one vesicle per synaptic
the cerebellar cortex is well suited for studying whetherconnection is released in a probabilistic manner with
MVR occurs during normal synaptic transmission. Eacheach action potential (Redman, 1990; Korn et al., 1994),
Purkinje cell receives input from a single climbing fiber,despite an excess of vesicles apparently docked at the
but this input is extremely strong, consisting of approxi-presynaptic membrane (e.g., Sorra and Harris, 1993;
mately 500 individual synapses (Palay and Chan-Palay,
Schikorski and Stevens, 2001). This is the “one-site,
1974). Climbing fiber stimulation results in very large
one-vesicle” hypothesis. It also has been suggested
excitatory postsynaptic currents (EPSCs) in Purkinje
that, in some circumstances, more than one vesicle can cells, both because of the number of synapses and
be released from a single synapse following a stimulus, because the average Pr at these synapses is very higha hypothesis termed multivesicular release (MVR) (Tong (Silver et al., 1998; Dittman and Regehr, 1998). Because
and Jahr, 1994; Auger et al., 1998; Prange and Murphy, of this high Pr, MVR should occur frequently at CF-PC1999). These two hypotheses lead to different predic- synapses if there is no mechanism to prevent it. Another
tions. The one-site, one-vesicle hypothesis suggests consequence of having synapses with high Pr is that
that event-to-event changes in the transmitter concen- neighboring synapses will likely release glutamate to
tration transient in the cleft result from either differences the same stimulus. As glutamate can diffuse out of the
in vesicular filling or the rate at which exocytosis occurs. synaptic cleft (Bergles et al., 1997; Clark and Barbour,
The MVR hypothesis, however, adds the more dramatic 1997), pools of glutamate from neighboring synapses
method of altering the transmitter transient by varying could interact, thereby increasing synaptic concentra-
the number of packets of transmitter released. Assum- tions and slowing clearance (Otis et al., 1996). The spe-
ing the simplest model of MVR, in which each vesicle cialized architecture of the CF-PC synapse may limit the
is released independently, the likelihood of multiple exo- extent of interaction of glutamate released at neigh-
cytotic events at a single release site would increase boring synapses. Unlike synapses in the cerebral cortex
with the probability of release (Pr). and hippocampus (Spacek, 1985; Ventura and Harris,
1999), CF-PC synapses are almost entirely covered by
sheets of Bergmann glial membranes (Palay and Chan-1Correspondence: jahr@ohsu.edu
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Palay, 1974; Spacek, 1985; Xu-Friedman et al., 2001). of neurotransmitter release will become available for
glutamate binding, or rebinding by antagonist, duringIn addition, each glial-encased Purkinje cell spine con-
the glutamate transient. Thus, the amount of inhibitiontacted by a climbing fiber makes a single, morphologi-
of the EPSC will depend not only on the concentrationcally defined synapse (Xu-Friedman et al., 2001). Fur-
of the antagonist, but also on the amplitude and timethermore, Bergmann glial membranes and perisynaptic
course of the glutamate transient. In contrast, if an an-regions of Purkinje cell spines express very high densi-
tagonist with a very long bound time is used, only thoseties of glutamate transporters, 5400 per m2 (Lehre
receptors that are unoccupied by antagonist at the in-and Danbolt, 1998) and 1800 per m2 (Dehnes et al.,
stant of release will be able to bind glutamate, because1998), respectively. Both the physical barrier to diffusion
very few receptors will unbind antagonist during theprovided by the enveloping Bergmann glial membranes
relatively short presence of glutamate. In this case, then,and the chemical barrier of glutamate transporters de-
inhibition of the EPSC will depend only on the concentra-crease the likelihood of spillover and pooling, and will
tion of antagonist, and changes in the glutamate tran-therefore tend to isolate individual synapses.
sient will be ineffective.In the present study, the glutamate concentration
The low-affinity competitive antagonist -D-glutamyl-transient at CF-PC synapses was estimated by analyz-
glycine (-DGG; 2 mM) (Watkins, 1991; Liu et al., 1999)ing the nonequilibrium inhibition of postsynaptic AMPA
inhibited EPSC2 more than EPSC1 (Figures 1A1 and 1A2;receptors by a low-affinity competitive antagonist. We
26.9%  6.1% block of EPSC1 versus 54.2%  6.0%suggest that the peak concentration of glutamate at an
block of EPSC2, n  7, p  0.0001; Figure 1D), sug-average release site correlates with the Pr but is not
gesting that a smaller glutamate transient resulted fromaffected by spillover or pooling of glutamate released
the second stimulus. In addition, the rise time of EPSC1from neighboring synapses. We propose that the ele-
was slowed in the presence of -DGG (Figure 1A2 insetvated concentrations of glutamate necessary to account
and Table 1; p 0.006, paired t test; n 7). This slowingfor the results arise from the concomitant release of
is consistent with the requirement for -DGG to unbindmultiple vesicles per site per stimulus.
from AMPA receptors before glutamate can bind and
activate them. A similar effect was also seen for EPSC2Results
(see Table 1). -DGG also accelerated the decay of
EPSC1 (Figure 1A2). This faster decay of EPSC1 inClimbing Fiber-Evoked EPSCs
-DGG suggests that the slow tail current in controlSynaptic transmission at CF-PC synapses was studied
results from low concentrations of glutamate with whichat 32C–35C with whole-cell patch recordings from vi-
-DGG competes more effectively than the higher gluta-sually identified Purkinje cells in cerebellar slices from
mate concentrations present at the peak of EPSC1. Ap-young rats (P11-17). Climbing fiber stimulation results
parently, the decay rate of EPSC1 is limited by the slowin large, all-or-none EPSCs in Purkinje cells that are
clearance of glutamate (Barbour et al., 1994) rather thanmediated by AMPA receptors (e.g., Konnerth et al.,
AMPA receptor channel kinetics. As the time course of1990). The amplitude of the second EPSC (EPSC2) of a
EPSC2 did not change in the presence of -DGG (Tablepair stimulated at a 50 ms interval was 57.1%  10.7%
1), we suggest that clearance of glutamate is faster fol-(n7) of the first EPSC (EPSC1) (Figure 1A1). This paired- lowing the second stimulus, possibly because transport-pulse depression results from a long-lasting lowered Pr ers are not as close to saturation as they are followingfollowing the first stimulus (Dittman and Regehr, 1998;
the first stimulus.Hashimoto and Kano, 1998; Silver et al., 1998). EPSC1
To further constrain the simulations (see below) and
and EPSC2 had different kinetics. EPSC1 had a faster
to test the generality of the result, we measured the
rise time than EPSC2 but decayed significantly more
inhibition of the EPSCs by 1 mM -DGG or by 1 mM
slowly (Table 1). The decay phases of both EPSC1 and kynurenate. Qualitatively, the differential inhibition of
EPSC2 were well described by a sum of two exponen- EPSC1 and EPSC2 and the changes in EPSC time
tials. The main difference in the decays of the two EPSCs course were the same as with 2 mM -DGG. EPSC1 and
was that the fast component of EPSC1 was smaller EPSC2 were inhibited by 17.4%  1.0% and 31.1% 
than that of EPSC2 (47.3% versus 73.3%, respectively; 5.9% by 1 mM -DGG (n  4) and 38.7%  8.0% and
Table 1). 65.2%  2.1% by 1 mM kynurenate (n  3).
Following washout of -DGG, each cell was tested
Pr Determines Glutamate Concentration with a low concentration of the slowly unbinding antago-
at the Synaptic Cleft nist NBQX (100 nM) (Figures 1B and 1C). NBQX inhibited
To determine whether a decrease in Pr results in a both EPSCs to the same extent (Figure 1D; 53.0% 
smaller glutamate concentration transient at individual 9.6% and 54.8%  10.0% of control; n  7) and did not
synapses, we compared the inhibition of EPSC1 and alter either their rise or decay times (Figure 1B2 inset
EPSC2 caused by a low-affinity competitive antagonist and Table 1), indicating that the differential block and
of AMPA receptors. The rationale for these experiments alteration of time course of the EPSCs by -DGG was
is based on the nonequilibrium interaction between the not the result of voltage escape.
transient presence of glutamate and the continuous Although attenuation of synaptic currents by voltage
presence of antagonist (Clements et al., 1992; Clements, escape was assessed by application of the high-affinity
1996). If a competitive antagonist remains bound to the blocker NBQX, dendritic filtering of synaptic responses
receptor for a period that is similar to or shorter than might alter the time course of the CF-PC EPSCs as
the period that glutamate is present, some of the recep- recorded at the soma. A voltage-jump protocol was used
to determine the time course of the synaptic conduc-tors that are bound by the antagonist at the instant
Multivesicular Release
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Figure 1. Inhibition of Paired CF-PC EPSCs
by -DGG and NBQX
(A1) Superimposed CF-PC EPSCs in control
(thick line) and in 2 mM -DGG, paired at 50
ms intervals in 2.5 mM Ca2.
(A2) Responses in (A1) normalized to the peak
of the first EPSC; (inset) the rising phases of
the first EPSCs in (A2).
(B1) NBQX (100 nM) inhibits both EPSCs
equally (thick line, control).
(B2) Responses in (B1) normalized to the peak
of the first EPSC; (inset) rising phase of the
first EPSCs in (B2) (same cell as in [A]).
(C) Time course of paired-pulse inhibition for
a group of cells (n  7).
(D) Summary of inhibition of EPSCs in 2 mM
-DGG (open bar) and 100 nM NBQX (filled
bar; n  7 for each). All traces are averages
of 4–10 responses.
tance that generates the CF-EPSC (Pearce, 1993; Haus- and 6.9  2.8 ms (data not shown; n  3). These data
are not significantly different from the time constantsser and Roth, 1997). The principle of the technique is
that a voltage jump that increases the driving force will needed to fit the EPSCs recorded using a somatic re-
cording electrode. This indicates that the slow decay ofalter synaptic charge transfer only if the voltage jump
occurs while the synaptic conductance is active (Haus- the CF-PC EPSC does not result from dendritic filtering.
ser and Roth, 1997). The decay time course of the con-
ductances generating EPSC1 and EPSC2 was estimated Pr Determines Inhibition by -DGG
Differences in the size of the glutamate transients acti-using an analytical function (Hausser and Roth, 1997)
in which the exponential time constant for charging the vating EPSC1 and EPSC2 could result from MVR, that
is, more than one vesicle released per synapse per pre-membrane and the decay of the conductance were al-
lowed to vary. Two time constants were needed to fit synaptic action potential, or by spillover and pooling of
glutamate released from neighboring synaptic connec-the charge recovery curve (data not shown; n  5). The
average time constants of the decay of the synaptic tions (Tong and Jahr, 1994; Rusakov and Kullmann,
1998; Auger and Marty, 2000). If these mechanisms areconductance for EPSC1 obtained by fitting the charge-
recovery curves were 1.3  0.7 ms (57.4%  25%) and only decreased but not eliminated during EPSC2, further
reductions in Pr should result in greater EPSC inhibition5.0  0.9 ms (data not shown; n  5), whereas EPSC2
had time constants of 1.0  0.4 ms (80.9%  14.6%) by -DGG, but not by NBQX.
Table 1. EPSC Parameters in 2.5 mM Ca2 (n  7)
EPSC1 EPSC2
Control -DGG (2 mM) NBQX (100 nM) Control -DGG (2 mM) NBQX (100 nM)
Rise times (ms) 0.22  0.04 0.27  0.05 0.22  0.03 0.30  0.06 0.35  0.07 0.29  0.02
Decay time fast (ms) 1.2  0.6 1.7  0.6 1.7  1.1 1.7  0.6 1.9  0.5 2.1  0.3
% fast 47.3  23.5 59.6  22.2 52.3  30.0 73.3  9.9 84.1  4.0 81.5  10.4
Decay time slow (ms) 5.6  0.6 5.5  1.1 6.6  2.2 5.5  1.5 8.0  2.1 7.7  1.5
Neuron
304
Figure 2. Lowering Pr Increases Inhibition by -DGG but Not by NBQX
(A1) Superimposed CF-PC EPSCs in control (thick line) and in 2 mM -DGG, paired at 50 ms intervals in 0.5 mM external Ca2.
(A2) Response in (A1) normalized to the peak of the first EPSC.
(A3) Summary of inhibition of EPSCs in 2 mM -DGG (open bar) and 100 nM NBQX in 0.5 mM Ca2 (filled bar; n  7).
(B1) Superimposed evoked EPSCs (as in [A]) in control (thick line) and in 2 mM -DGG, both in 5 mM Ca2.
(B2) EPSCs in (B1) scaled to the peak of the first EPSC.
(B3) Summary of inhibition of EPSCs in 2 mM -DGG (open bar) and 100 nM NBQX in 5 mM Ca2 (filled bar; n  4 for each). For each recording
condition, both -DGG and NBQX were always applied to each cell with a washout in between drug applications.
Lowering extracellular Ca2 from 2.5 to 0.5 mM (and to 10 mM (with 0.5 mM Ca2), no additional inhibition by
-DGG was observed. In this recording solution, pairedincreasing Mg2 from 1.3 to 3.3 mM) reduced EPSC1 to
40.7% 13% of its control value and EPSC2 to 58.6% pulse facilitation occurred (EPSC2/EPSC1  1.4  0.1,
n  5), indicating that Pr was lower than in 0.5 mM19% (n  3) (see also Silver et al., 1998; Dittman and
Regehr, 1998), and thus resulted in an increase in the Ca2 and 3.3 mM Mg2; however, the time course of the
EPSCs was not changed (data not shown, n 5). -DGGpaired-pulse ratio of the two EPSCs (0.9  0.1, n  5;
Figure 2A). Both EPSCs decayed with similar kinetics (2 mM) inhibited both EPSCs equally (80.0%  3.0%
and 78.1%  4.9%, n  5). These data suggest that inthat were faster than EPSC1 in 2.5 mM Ca2 (Table 2).
Application of -DGG (2 mM) to EPSCs evoked in 0.5 both low Pr conditions tested, the average glutamate
concentration transient at active synapses was themM Ca2 caused a greater block of both EPSCs
(82.0%  6.5% and 81.5%  6.7%, respectively, n  7; same and had reached a minimum, indicating that nei-
ther MVR nor glutamate pooling occurred in either con-Figures 2A1–2A3) but had no significant effect on their
decay times (Figure 2A2 and Table 2). In contrast, the dition.
Increasing external Ca2 from 2.5 to 5 mM did notslowly dissociating antagonist NBQX blocked both
EPSCs to the same extent as in 2.5 mM Ca2 (57.0%  significantly alter the amplitudes of EPSC1 or EPSC2
(101.9%  4.1% and 98.5%  3.1%, respectively, n 4.5% and 54.2%  5.4%; n  5; Figure 2A3) without
any change in kinetics. These data suggest that the 4). In 5 mM Ca2, -DGG (2 mM) inhibited EPSC1 by
17.8%  4.3% and EPSC2 by 45.7%  5.8%, less thanglutamate transient sensed by AMPA receptors in low
Pr conditions is smaller than the transient in 2.5 mM the inhibition in 2.5 Ca2 (p 0.03 and p 0.05, respec-
tively, n  4; Figures 2B1–2B3 and Table 3). Despite theCa2.
When Pr was decreased further by increasing Mg2 lack of change in EPSC amplitude, these results suggest
Table 2. EPSC Parameters in 0.5 mM Ca2 (n  5)
EPSC1 EPSC2
Control -DGG (2 mM) NBQX (100 nM) Control -DGG (2 mM) NBQX (100 nM)
Rise times (ms) 0.24  0.05 0.26  0.08 0.26  0.06 0.24  0.06 0.30  0.06 0.25  0.06
Decay time fast (ms) 1.2  0.7 1.4  0.6 1.3  0.6 1.2  0.5 1.3  0.7 1.3  0.4
% fast 61.7  21.9 64.8  24.4 65.2  23.6 57.8  24.7 57.8  36.6 68.3  22.9
Decay time slow (ms) 4.2  1.2 5.5  2.3 4.9  2.3 3.9  1.0 5.8  3.3 5.9  0.9
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Table 3. EPSC Parameters in 5 mM Ca2 (n  4)
EPSC1 EPSC2
Control -DGG (2 mM) NBQX (100 nM) Control -DGG (2 mM) NBQX (100 nM)
Rise times (ms) 0.22  0.03 0.26  0.01 0.22  0.04 0.33  0.04 0.35  0.05 0.31  0.01
Decay time fast (ms) 1.8  0.5 2.1  0.6 2.7  2.0 2.0  0.4 2.1  0.4 2.2  0.4
% fast 42.9  27.1 62.9  33.0 64.4  33.8 84.9  11.1 92.9  6.6 92.4  7.5
Decay time slow (ms) 5.0  0.3 4.1  0.3 3.7  0.3 9.0  4.5 6.2  1.5 4.8  0.4
that the peak glutamate concentration can be further and decrease the inhibition of the EPSC by -DGG. The
competitive antagonist of glutamate transport, DL-elevated at CF-PC synapses in 5 mM Ca2 and implies
that in both concentrations of Ca2 (2.5 and 5 mM), threo--benzyloxyaspartate (TBOA, 30M) (Shimamoto
et al., 1998), slowed the decay of both EPSC1 andAMPA receptors contributing to the peak amplitude of
EPSC1 are saturated (see Silver et al., 1998). EPSC2 without changing the holding current, which is
consistent with the role of transport in clearing the gluta-
mate transient (Figure 3A) (Barbour et al., 1994). In theBlockade of Glutamate Transport
Either MVR release from individual synapses or pooling same cells, the fast component of decay of EPSC1 was
not changed in the presence of TBOA (Table 4). How-of glutamate from adjacent synapses could, at least
qualitatively, explain the results discussed previously. ever, the slow time constant nearly doubled (p  0.002;
Table 4). Despite this slowing of clearance and the pre-As both Bergmann glial cells, which surround Purkinje
cell dendrite spines (Palay and Chan-Palay, 1974; sumed exacerbation of pooling in the presence of TBOA,
-DGG (2 mM) blocked both EPSC1 and EPSC2 to theSpacek, 1985; Xu-Friedman et al., 2001), and Purkinje
cells express high densities of glutamate transporters same extent as in the absence of TBOA (27.7%  2.9%
and 50.8%  3.0%, respectively, n  4; Figures 3B and(Lehre and Danbolt, 1998; Dehnes et al., 1998), spillover
and pooling of glutamate between neighboring syn- 3C). The prolongation of the decay of the EPSCs by
TBOA results from slowed clearance and presumablyapses should be enhanced if transport is inhibited. If
the differential inhibition of EPSCs at different release diffusion to more distant AMPA receptors than in normal
conditions. However, the lack of effect of TBOA on theprobabilities results from pooling, inhibition of glutamate
transporters should increase the glutamate transient peak EPSC inhibition by -DGG indicates that the Pr-
Figure 3. EPSC Inhibition Is Unaffected by the Glutamate Uptake Antagonist TBOA
(A) Superimposed CF-PC EPSCs in control (thin line) and in the presence of 30 M TBOA (thick line).
(B) Superimposed CF-PC EPSCs in the presence of 30 M TBOA (thick line) and TBOA plus 2 mM -DGG (thin line).
(C) Responses in (B) normalized to the peak of the first EPSC.
(D) Summary of inhibition of EPSCs in the presence of TBOA plus -DGG (open bar) or 100 nM NBQX (filled bar; n  4 for each).
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Table 4. EPSC Parameters in 2.5 mM Ca2 and 30 M TBOA (n  5)
EPSC1
Control (no TBOA) Control (TBOA) -DGG (2 mM) NBQX (100 nM)
Rise times (ms) 0.23  0.02 0.23  0.02 0.29  0.02 0.22  0.06
Decay time fast (ms) 0.9  0.2 1.3  0.5 2.4  0.7 1.5  0.4
% fast 28.2  15.1 41.9  13.2 59.9  23.2 50.2  3.9
Decay time slow (ms) 4.3  0.8 7.8  1.5 6.3  0.5 9.3  1.5
EPSC2
Control (no TBOA) Control (TBOA) -DGG (2 mM) NBQX (100 nM)
Rise times (ms) 0.29  0.04 0.29  0.04 0.36  0.02 0.29  0.08
Decay time fast (ms) 1.7  0.5 1.6  0.4 2.1  0.38 1.6  0.36
% fast 72.5  13.2 52.4  6.8 73.0  20.0 62.6  6.2
Decay time slow (ms) 4.6  0.9 5.3  0.7 5.6  1.1 6.2  0.8
induced changes in the early part of the glutamate tran- Paired-pulse recovery experiments using pulses of 10
mM glutamate were used to determine the rates ofsient that are responsible for the peak amplitude of the
EPSC do not result from pooling of glutamate. AMPA receptor deactivation, desensitization, and re-
covery from desensitization (Figures 6A and 6B). The
time constant of recovery was 16.9  1.0 ms (n  6).-DGG Does Not Alter Release
The desensitization rate during a 20 ms pulse of 10 orManipulations that change Pr alter synaptic facilitation
50 mM glutamate had a time constant of 2.3  0.3 msand depression (del Castillo and Katz, 1954). Because
(n  6). Two further experiments were performed to-DGG, but not NBQX, increased paired-pulse depres-
estimate the relative binding and unbinding rates of glu-sion in 2.5 mM Ca2 (Figure 1C), we tested, by recording
tamate and -DGG. First, pulses of 10 mM glutamatethe synaptically activated transport current (STC) in Pur-
were applied to patches in control conditions and afterkinje cells, whether -DGG affects the release of gluta-
preequilibration with 2 mM -DGG (Figure 6C). This ex-mate from climbing fiber terminals (Otis et al., 1997;
periment was designed to test the unbinding rate ofAuger and Attwell, 2000). The STC was recorded in the
-DGG. Preequilibration with 2 mM -DGG resulted inabsence of permeable anions, in which condition the
a reduction of the peak current amplitude to 74.5% STC is carried by the cotransport of 3 Na, 1 H, and
4.6% (n 12) of control values (10 mM glutamate alone).1 glutamate and the countertransport of 1 K (Zerangue
In addition, the rising phase of the current was markedlyand Kavanaugh, 1996; Bergles and Jahr, 1997; Auger
slowed in the presence of -DGG (20%–80% rise time,and Attwell, 2000). After activation of the climbing fiber-
0.13  0.05 ms and 0.23  0.08 ms, control and -DGG,stimulated AMPA receptor EPSC, high concentrations
respectively, p  0.002, n  12). Second, patch re-of AMPA receptor antagonists (25 M NBQX) were
sponses to applications of equal concentrations of glu-added to the recording solution to isolate the STC (Otis
tamate and -DGG were compared with pulses of gluta-et al., 1997; Auger and Attwell, 2000). The addition of
mate alone (Figure 6D). This experiment was used to2 mM -DGG had no effect on the amplitudes or kinetics
estimate the relative binding rates of Pr and L-glutamate.of STCs evoked by climbing fiber stimuli paired at 50
ms intervals (STC1, 98.1%12.7% of control amplitude;
STC2, 99.6%  15.0% of control amplitude; paired-
pulse ratio in control, 0.4  0.09; in -DGG, 0.39  0.07;
n  7; Figure 4). Similar results were obtained when
using the transporter-permeant anion NO3	 as the inter-
nal anion (n  4; data not shown) (Wadiche et al., 1995;
Eliasof and Jahr, 1996; Otis et al., 1997; Wadiche and
Kavanaugh, 1998; Auger and Attwell, 2000). These data
indicate that -DGG does not alter the release of gluta-
mate at CF-PC synapses and that its effect on paired-
pulse depression of the EPSC is the result of its actions
on postsynaptic AMPA receptors.
Kinetic Model
A kinetic model of the Purkinje cell AMPA receptor was
developed to estimate the changes in the glutamate
transient at CF-PC synapses over the range of Prs tested
experimentally (Figure 5) (Clements et al., 1992; Dia-
mond and Jahr, 1997). The model was based on Hausser Figure 4. Synaptic Transporter Current Is Not Affected by -DGG
and Roth (1997) but was modified to fit responses of Superimposed synaptic transporter currents in a Purkinje cell
outside-out patches to glutamate applications at 32C– evoked by CF stimulation in the presence of 25 M NBQX  2 mM
-DGG (-DGG, thin line) paired at 50 ms intervals.35C. Four types of experiments were performed.
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Figure 5. AMPA Receptor Model
Kinetic scheme of the AMPA receptor model used to fit AMPA receptor currents in outside-out patches. Rates were as follows (units are M	1
s	1 for rates denoted by * or s	1) kc0c1  1.366 
 107, kc1c0  2.0393 
 103, kc1c2  6.02 
 106, kc2c1  4.72 
 103,   1.72 
 104,   3.73 

103, koc7  1.14 
 102, kc7o  9.05 
 101, kc1c3  4.22 
 102, kc3c1  1 
 102, kc2c4  2 
 103, kc4c2  4.67 
 101, koc5  3.11, kc5o  6.92 
 10	1,
kc7c6  2.99, kc6c7  3.242 
 10	1, kc3c4  1.37 
 107, kc4c3  1.054 
 103, kc4c5  4.76 
 102, kc5c4  9.84 
 102, kc5c6  1.034 
 104, kc6c5  4 

103, kc0cd  2 
 107, kcdc0  1.01 
 104, kcdcdd  5 
 107, kcddcd  1.47 
 105, kcdc1d  1 
 104, kc1dcd  4.992 
 10	3, kc1c1d  2.28 
 106, kc1dc1 
3.85. Rates kc0c1, kc1c2, kc3c4, and kcdc1d are dependent on [glutamate], whereas kc0cd, kcdcdd, and kc1c1d are dependent on [-DGG].
Applications of glutamate alone and those with -DGG experimental and simulated EPSC were slower than the
deactivation of AMPA receptor currents in outside-outwere interleaved to control for rundown. By altering the
values of the rate constants (Figure 5), the model accu- patches (see below), suggesting that the EPSC in 0.5 mM
Ca2 might decay more slowly than the underlying uni-rately reproduced control responses to exogenously ap-
plied glutamate as well as the effects of-DGG observed tary events at individual synapses. Release asynchrony
across release sites and dendritic filtering could bothin the patch experiments described previously in this
article. Finally, nonstationary noise analysis was per- contribute to a slower decay phase. To estimate the
contribution of release asynchrony, we recorded singleformed on outside-out patch responses to 10 mM gluta-
mate to estimate the maximum open probability (Po) quantal EPSCs evoked by CF stimulation in the presence
of 0.5 mM Sr2 in the absence of Ca2 (Alvarez-Leefmansof AMPA receptors at 32C–35C (Sigworth, 1980). The
maximum Po obtained by this method was 0.66  0.05 et al., 1979; Goda and Stevens, 1994; Abdul-Ghani et
(n  7). al., 1996; Otis et al., 1997). These asynchronous EPSCs
evoked in Sr2 (aEPSCs), occurring between 50 and 300
ms following the stimulus, were aligned by their risingSynaptic Glutamate Transient
phases and averaged (Figure 7B). The averaged aEPSCsWe have estimated the glutamate concentration tran-
had rise and decay times that were similar to those seensient presented to AMPA receptors by synaptic release
in outside-out patches and faster than those of the low-by challenging the kinetic model with simulated gluta-
calcium EPSC. aEPSCs decayed with two exponentials:mate transient-driving functions in control conditions
0.4  0.2 ms (42%  10%) and 2.2  0.8 ms (n  5),and in the presence of -DGG. The EPSC evoked in 0.5
whereas the deactivation phase of patch currents wasmM Ca2 was simulated first because it is likely the sum
well fitted with a single exponential of 1.3  0.3 ms (n of synaptic activity resulting from the release of single
18). The weighted, single exponential decay of aEPSCsvesicles at individual synapses. However, the glutamate
was 1.46  0.53 ms (n  5), similar to the patch decaytransient required to simulate the low-calcium EPSC
time. The model was used to obtain an estimate of thewaveform and allow 2 mM -DGG to block by 80%
glutamate transient necessary to simulate the aEPSCresulted in a simulated EPSC with a decay phase that
(see below). The simulated waveform of the aEPSC waswas accelerated by the addition of -DGG (Figure 7A).
deconvolved from that of the low-calcium EPSC to ob-Such an acceleration was not seen in the experimental
tain an estimate of the time course of release asynchronydata (Figure 2A2). This indicates that the decay of the
(Figure 7C). This waveform indicates that 67% of releaseAMPA receptor conductance at active synapses in 0.5
is completed in 0.75 ms. Thus, although the variabilitymM Ca2was not determined by slow clearance of gluta-
of synaptic delay is brief, it adds significantly to the low-mate but rather by channel kinetics and that the simu-
calcium EPSC time course and corrupts the simulationlated glutamate transient did not mimic the true tran-
sient. In addition, the decay phases of both the of the glutamate transient. We have therefore used the
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Figure 6. AMPA Receptor Currents in Outside-Out Patches and Simulations
(A1) Time course of AMPA receptor recovery from desensitization. Superimposition of seven average traces from an outside-out somatic patch
exposed to one 20 ms and one 10 ms application of 10 mM glutamate separated by different intervals.
(A2) Simulated paired-pulse recovery from desensitization as in (A1).
(B1) Recovery curve from desensitization expressed as the ratio of second peak (P2) as a function of the first peak (P1) for six patches.
(B2) Recovery curve from desensitization for simulated currents as in (B1).
(C1) Superimposed traces activated by 4 ms application of 10 mM glutamate in the absence (thick line) and presence of 2 mM -DGG.
(C2) Simulated displacement experiment as in (C1).
(D1) Superimposed traces activated by 4 ms application of 2 mM glutamate (thick line) or 2 mM glutamate with 2 mM -DGG.
(D2) Simulated experiment as in (D1).
aEPSC time course in simulations to estimate the single 0.5 mM Ca2EPSC by -DGG (assuming that each active
synapse contributing the 0.5 mM Ca2 EPSC was inde-quantal glutamate transient.
Simulated glutamate transients had to fit the kinetics pendent and released a single vesicle, i.e., negligible
pooling and MVR). At the peak of the aEPSC, Po wasof the aEPSC as well as the amount of inhibition of the
Figure 7. Release Asynchrony
(A) Superimposed CF-PC EPSC in 0.5 mM Ca2 (dotted line), the simulation used in the deconvolution (thick line, slow decay), the simulation
in -DGG (thin line, small response), and -DGG simulation normalized to peak amplitude (thin line, faster decay).
(B) Superimposed averaged Sr2-evoked aEPSC (dotted line; 0.5 mM Sr2) and the simulation (thick line) used in the deconvolution. Inset:
raw aEPSC.
(C) Time course of vesicle release in 0.5 mM Ca2. Sr2-evoked aEPSC simulation in (B) was deconvolved from the CF-PC EPSC simulation
in 0.5 mM Ca2 in (A).
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Figure 8. Simulated EPSC in Low and Normal
Pr and Respective Synaptic Glutamate Tran-
sient
(A) Simulated EPSCs (bottom) in the absence
(thick line) and presence of 2 mM -DGG
driven by the glutamate transient (top) in con-
ditions to mimic 0.5 mM Ca2.
(B) Same as in (A), but in conditions mimicking
2.5 mM Ca2.
estimated to range from 0.27 to 0.39. The lower limit to mimic the aEPSC with the release time course in
Figure 7C to estimate the rise time of the MVR transientpeak Po of 0.27 was calculated from the nonstationary
noise estimate of peak Po in patches (0.66) and 59% (53 s). With these constraints, in addition to the 17%
and 27% inhibition with 1 and 2 mM -DGG, we founddiminution of the EPSC amplitude accompanying a
change in Ca2 from 2.5 to 0.5 mM (0.66 
 0.41  0.27). that a range of glutamate transients can account for the
experimental data, two examples of which are givenThis is a lower limit, as some synapses likely do not
release following action potential invasion at 0.5 mM here. The simulated glutamate transient with the lowest
peak concentration able to reproduce the data reachedCa2. The upper limit (0.39) was the highest that allowed
-DGG to inhibit the simulated aEPSC by 82%. We chose 9.2 mM and decayed with one exponential component
of 2.2 ms. Lower peak concentrations (8 mM) were alsoa peak Po of 0.38 for illustration (Figure 8A). The best fit
of the aEPSC was obtained with a glutamate transient able to mimic the block by -DGG; however, the decay
of the glutamate transient had to be lengthened to suchthat rose to a peak of 3.7 mM, with a rise time of 30 s,
and decayed with one exponential, 0.062 ms. The range a degree (decay  5 ms) that the simulated EPSC gained
a small but very long tail that was never observed inof peak Pos were produced with peak glutamate concen-
trations from 2.8 to 3.7 mM, though the changes in peak the experimental EPSCs. In the second example, the
glutamate transient peaked at 11.3 mM and decayedPo also could be obtained by altering the time constant
of decay by 30%. with two exponential components of 0.49 ms (96% am-
plitude) and 4 ms (Figure 8B). Assuming that these peakSimulating the EPSC evoked in 2.5 Ca2 was more
difficult. Regardless of the glutamate transient, the simu- concentrations (9.2–11.3 mM) result from the near simul-
taneous release of multiple vesicles into the cleft, eachlated EPSC decayed faster than the experimental EPSC.
This is a result of the rates into the desensitized states of which would contribute 2.8 to 3.7 mM (see above),
the simplest interpretation is that 2.5–4 vesicles are re-necessary to fit the patch data. The discrepancy be-
tween the time courses of the simulation and the somati- leased, on average, per synapse per action potential.
The exact number of vesicles released is less importantcally recorded EPSC could be the result of (1) voltage
clamp errors or dendritic filtering, (2) greater release that the qualitative result: The great difference in inhibi-
tion of the EPSC at low and high Pr by -DGG (e.g., 82%asynchrony at 2.5 Ca2 than at lower concentrations, (3)
different kinetics of AMPA receptors in patches than versus 27% at 2 mM) requires very large differences in
the glutamate transient.those at synapses, or (4) diffusion of glutamate to more
distant receptors when multiple vesicles are released.
These issues are addressed in the Discussion section. Discussion
In the model, however, the amount of inhibition of the
peak amplitude of the EPSC by -DGG did not depend Using a technique devised to estimate the concentration
transient of transmitter at postsynaptic receptors, wegreatly on late components of the glutamate concentra-
tion transient. Therefore, we set the peak Po at 0.66, have shown that the glutamate transient depends on
the Pr at the CF-PC synapse: the higher the releaseas determined from the nonstationary noise analysis of
patch currents, assuming near saturation of synaptic probability, the larger the glutamate transient. As spill-
over and mixing of glutamate released from neighboringAMPA receptors at 2.5 Ca2. We also assumed that
multiple vesicles released at a single synapse were re- synapses cannot account for the elevation in the gluta-
mate transient, we suggest that multiple vesicles can beleased independently. Thus, because the distribution
of their release times should be similar to that across released at individual synapses following a presynaptic
action potential. Kinetic modeling of the AMPA recep-synapses, we convolved the glutamate transient found
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tors further suggests that the glutamate concentration the block of the peak EPSC amplitude by -DGG. How-
ever, during the decay of the EPSC, glutamate certainlytransient at CF-PC synapses can reach very high con-
centrations, in the range of 9–12 mM. spills out of the cleft because it activates both AMPA
receptors and glutamate transporters expressed byThe prolonged time course of the EPSC at CF-PC
synapses has been a subject of much investigation. neighboring Bergmann glial cell membranes (Bergles et
al., 1997), where it achieves a concentration near 200MLlano et al. (1991) argued that the slow decay time of the
EPSC did not result from dendritic filtering or inadequate (Dzubay and Jahr, 1999). Activation of extrasynaptic
AMPA receptors on Purkinje cells may then contributevoltage clamp. Using a voltage jump protocol (Pearce,
1993), Barbour et al. (1994) found that the underlying to the slow decay phase of the high Pr EPSC. In support
of this, we find that the high Pr EPSC decays more slowlysynaptic current faithfully followed the time course of the
underlying synaptic conductance. We used the voltage than the desensitization rate in patches. If we assume
(1) that synaptic receptors desensitize at the same ratejump protocol and analysis procedures of Hausser and
Roth (1997) and also found that the time course of decay as those in patches, (2) that all release sites at this high
Pr synapse release multiple vesicles, and (3) that thisof the synaptic conductance is mimicked by the EPSC
recorded at the soma. The slow decay of the CF-PC leads to postsynaptic AMPA receptor saturation, then
postsynaptic receptors will not be able to support theEPSC, therefore, is not determined by receptor deacti-
vation kinetics as it appears to be at other synapses prolonged EPSC decay even if spillover and pooling
occur. We suggest that at high Pr, glutamate spills out(Magleby and Stevens, 1972; Lester et al., 1990; Hestrin,
1993; Livsey et al., 1993). Indeed, AMPA receptor kinet- of the synapse, overwhelms local transporters ex-
pressed by Purkinje and Bergmann glial cells, and acti-ics in outside-out patches are much faster than the
EPSC (see above; Barbour et al., 1994; Hausser and vates nearby extrasynaptic AMPA receptors found on
Purkinje cell dendrites (Hausser and Roth, 1997). A com-Roth, 1997), indicating that either AMPA receptor kinet-
ics are different in outside-out patches or that some parison of the simulated glutamate transients needed
to fit the aEPSC and the EPSC recorded in 2.5 mMother mechanism is prolonging the synaptic conduc-
tance. Silver et al. (1998) reported that the EPSC decay is Ca2 reveals a dramatic slowing of clearance that would
require near saturation of local transporter populations.longer in normal release conditions than at lower release
probabilities and suggested that this could reflect spillo- An important caveat to these suggestions is that al-
though the deactivation rate of AMPA receptors inver and pooling or that “changes in the release process
itself” could give “different transmitter concentration patches is similar to the decay of aEPSCs, we have
not been able to assess desensitization rates of AMPAprofiles at different release probabilities.” The simplest
conclusion from these studies is that at the normally receptors at synapses. If synaptic AMPA receptors de-
sensitize more slowly than receptors in patches, thehigh Pr of this synapse (Silver et al., 1998), glutamate is
cleared from the synaptic cleft quite slowly. prolonged EPSC could result from rebinding of gluta-
mate to synaptic receptors.We have readdressed these questions because gluta-
mate uptake is enhanced at the higher temperatures It has been reported that variations in synaptic gluta-
mate concentrations can arise from different rates ofused in this study and may prevent the spillover and
pooling that can occur at room temperature (Asztely et glutamate efflux from synaptic vesicles (Choi et al., 2000;
Renger et al., 2001). These studies suggest that someal., 1997). We find that, although the kinetics of both
patch and synaptic currents are faster at higher temper- vesicles release their contents slowly at low Pr or early
in development, leading to low concentrations of gluta-atures, AMPA receptor responses in patches are faster
than EPSCs, and EPSCs recorded at low Pr are faster mate in the cleft (170 M) (Choi et al., 2000) that, how-
ever, last for many milliseconds. At high Pr, exocytosisthan those at high Pr. At least two mechanisms could
contribute to a prolonged decay time at high Pr: greater becomes more explosive, and glutamate rapidly attains
high concentrations at postsynaptic receptors. How-release asynchrony and slower clearance. Release
asynchrony probably does not contribute significantly ever, CF-PC EPSCs behave in a manner opposite to
these predictions. At low Pr, evoked EPSCs rise as fastto the time course of the high Pr EPSC, because the
time course of release (Figure 7C) at low Pr is brief and as at high Pr but decay with a faster time course. Further-
more, the very low synaptic glutamate transients re-release asynchrony is thought to be unaffected by
changes in Pr (Barrett and Stevens, 1972; Datyner and ported to occur at low Pr in hippocampal synapses (170
M, decay  5 ms) are predicted by our model to beGage, 1980, van der Kloot, 1988; Isaacson and Walm-
sley, 1995; Diamond and Jahr, 1995). In addition, if the blocked by 90% by 2 mM -DGG, more than we find
at the CF-PC synapse. In addition, such glutamate tran-tail of the high Pr EPSC was the result of asynchronous
release (i.e., the summation of many single exocytotic sients produce EPSCs that rise to peak much more
slowly than our data indicate. For these reasons, weevents), it would not be entirely blocked by -DGG.
Rather, it would be blocked to the same degree as the believe that at the CF-PC synapse, slow release of gluta-
mate from vesicles cannot account for the differentiallow Pr EPSC, 80%. Because the tail is completely
blocked by -DGG, we suggest that the receptors medi- block by -DGG.
Previous studies have estimated that glutamate trans-ating the tail are activated by much lower concentrations
of glutamate than achieved by rapid exocytosis. Thus, at porters expressed by Purkinje cells take up a significant
fraction of glutamate released at climbing fiber syn-high Pr, glutamate clearance is slower than at low Pr,
probably because more glutamate is released at high Pr. apses, from greater than 22% (Otis et al., 1997) to be-
tween 56% and 230% (Auger and Attwell, 2000). BothWe suggest the peak of the EPSC is mediated by
glutamate released locally, at individual release sites, estimates were based on the amount of glutamate
thought to be contained in single vesicles. If MVR is abecause blocking glutamate transport had no affect on
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25 M NBQX with a similar pipette solution, except Kgluconate wasregular occurrence, however, much more glutamate is
substituted for CsCl and CsF. Single climbing fibers were stimulatedreleased into the cleft. This may decrease the percent-
(10–300 A, 50–100 s) with a theta glass pipette filled with bathage taken up by Purkinje cells, as the highest density
solution and placed in the granule cell layer. The pipette was reposi-
of Purkinje cell transporter expression occurs just out- tioned, and the stimulus intensity was adjusted until the current
side of the cleft (1800 per m2) (Dehnes et al., 1998). required to elicit an all-or-none response was minimized. This is
done to eliminate any significant parallel fiber activation. SynapticOnce these transporters approach saturation, the pre-
and patch currents were filtered at 2–5 kHz and digitized at 20–50dominant sink for glutamate is the higher density of
kHz using acquisition software written in Igor Pro software (J.S.transporters expressed by the surrounding Bergmann
Diamond, WaveMetrics, Lake Oswego, OR). For patch experiments,glial cell membranes (5400 per m2) (Lehre and Dan-
a four barrel glass flow-pipe mounted on a piezoelectric bimorph
bolt, 1998). As a rather high concentration of glutamate (Vernitron, Bedford, OH) was used for agonist applications to out-
is attained at Bergmann glial AMPA receptors in condi- side-out patches as described previously (Tong and Jahr, 1994).
Solution exchange times (typically  150 s) were measured aftertions similar to the present experiments (200M) (Dzu-
each experiment by rupturing the patch and recording junction cur-bay and Jahr, 1999), a significant escape of glutamate
rents across the open pipette tip. All experiments were performedfrom climbing fiber synapses seems reasonable.
at 32C –35C attained with an in-line heating device (Warner Instru-MVR has been reported at inhibitory synapses onto
ments, Hamden, CT). Reported values are the mean  SD. Data
cerebellar Purkinje cells (Auger and Marty, 2000) and at analysis and simulations were done using Igor Pro, AxoGraph (Axon
excitatory synapses in culture (Tong and Jahr, 1994; Instruments, Union City, CA), and SCoP (Simulation Resources, Red-
lands, CA).Prange and Murphy, 1999). Does MVR occur at all syn-
apses? If the CF-PC synapse is representative, other
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